Compound single junction and multijunction solar cells enable very high photovoltaic efficiencies by virtue of employing different band gap materials in seriesconnected tandem cells to access the full solar spectrum. Researchers focused on improving the electrical properties of solar cells by optimizing the material growth conditions, however relatively little work to date has been devoted to light trapping and enhanced absorption in III-V compound solar cells using back reflectors. We studied absorption enhancement in InGaAs and InGaAsP thin film solar cells by means of numerical modeling. Flat dielectric and metal back reflectors that might be introduced into the solar cell via wafer-bonding, epitaxial lift-off or deposition techniques have been shown to increase the short circuit current and the photovoltaic efficiency of solar cells.
INTRODUCTION
Multi-junction solar cells based on III-V compound semiconductors are the most efficient photovoltaic devices with record-level efficiencies over 40% [1, 2] . Semiconductors with different band gap energies are connected in series to absorb wider range of the solar spectrum efficiently. Not only band gap energies but also lattice constants of III-V compounds could be tuned by the composition of ternary and quaternary semiconductors providing a wide range of possibilities for material growth on various substrates such as Si, Ge, InP and GaAs. Lattice-matching growth condition limits the materials of certain band gap energies to be grown for multi-junction solar cells. Therefore, one needs to utilize more than three junctions to reach ultra-high efficiencies requiring alternative techniques to bring lattice mismatched materials together such as metamorphic growth, wafer bonding, and mechanical stacking [3] . Metamorphic growth of InGaP/InGaAs/Ge and InGaP/InGaAs/InGaAs solar cells enabled 40.7% [1] and 40.8% [2] efficiencies. The use of InP substrates have drawn our interest due to the possibility of access lattice matched III-V alloys, such as In0.53Ga0.47As, and defect-free strained layers with band gap energies varying from 0.8 to 2.0 eV. Recently, wafer bonding of InP wafers to Si handle substrates was proposed as a way to reduce fabrication costs and increase solar cell performance [4] . It was previously shown that an oxide layer formed during the wafer bonding of InP wafer to Si substrate, which results in a higher short circuit current [4] . Here, we studied the effect of different optical reflection layers, both dielectric and metal, on InGaAs thin film solar cell performance by device modeling and numerical simulations.
DEVICE MODELLING OF InGaAs SOLAR CELLS
We modeled a single junction InGaAs solar cell (Fig.  1a ) on an InP substrate by using AFORS-HET, an opensource program for simulating thin-film heterojunction solar cells [5] . The optical generation rate is calculated by using a coherent multiple reflection model, rather than a Lambert-Beer absorption model. Since the coherence length of light is comparable to the thickness of active region of solar cell, multiple reflections occur at the interfaces of different materials for thin-film solar cells [6, 7] . The modeled device is shown in Fig. 1a . Solar cell has n type InGaAs emitter and p type InGaAs base with bandgap energy of 0.74 eV, nominally lattice matched to InP. The thicknesses of emitter and base are 0.3 and 3.0 µm, respectively. InP is used both as a window and backsurface-field (BSF) layers. Light current-voltage (I-V) characteristics were calculated under illuminated with AM1.5 global illumination (Fig. 1(b) ). Calculated short circuit current (Jsc) and open circuit voltage (Voc) are 32.6 mA/cm 2 and 0.4 V, yielding an efficiency of 10.1%. We calculated light I-V response of InGaAs subcell under AM1.5G truncated at 850 nm, to mimic the optical configuration of bottom cell below a GaAs upper cell ( Fig. 1(b) ), for which Jsc = 16.1 mA/cm 2 and Voc=0.38 V with 4.7% efficiency.
DIELECTRIC BACK REFLECTORS
The InGaAs subcell is then modeled on a 200 nm InP (bonded layer), with 200 nm SiO2 (oxide formed during wafer bonding) and 300 µm Si (handle substrate) (inset Fig. 2a ) [4] . In AFORS-HET, one could define optical layers by inserting complex refractive index data (n and k) above or below the electrical layers, i.e. the layers between the contacts. Same InGaAs subcell is modeled with additional optical layers of SiO2 and Si. We observed an increase in Jsc for this layer structure to 16.65 mA/cm 2 , while Voc remains unchanged (Fig. 2a) . Since the active layers in both devices are same, the increased short circuit can be explained by light trapping effects due to the reflection from the layers with different refractive indices. SiO2 has lower refractive index compared to Si and InP. The low refractive index layer sandwiched between high index layers causes higher reflection from the interfaces. Some portion of light that is not absorbed within the semiconductor layer, is reflected back into the solar cell and the amount of light absorbed at the base layer increases.
Amount of light that is absorbed within the InGaAs base layer is calculated using AFORS-HET. The absorbance of InGaAs solar on three different substrates, namely InP, InP/Si and InP/SiO2/Si substrates show different spectral behaviors. (Fig. 2b) . At higher wavelengths close to InGaAs band edge, one can observe the oscillations in the absorbance due to the reflections from the InP/air interface. For InP/Si substrate, refractive index difference causes additional reflections from InP/Si interface. Absorbance of InGaAs solar cells was increased further with the InP/SiO2/Si substrate, due to the reflections of light from the low-index SiO2 layer.
Additional simulations were performed to study the effect of the base thickness of InGaAs solar cell on Jsc, Voc and cell efficiency with different substrate types (Fig. 3 ). An efficiency of 4.7% was obtained with a 3 µm thick InGaAs base on InP substrate; whereas a similar efficiency could be achieved with a
Dielectric contrast between the optical layers could be further increased by stacking layers with different refractive indices, such as SiO2-Si3N4-SiO2. 
METAL BACK REFLECTORS
Although dielectric layers with low refractive indices provide sufficient refractive index contrast with InP and Si to reflect some portion of the incoming light, metals are very good mirrors especially at infra-red wavelengths. We took a further step and replaced SiO2 layer with Ag mirror to form an InP/Ag/Si substrate. (inset of Fig. 4a ) Since this substrate is not practical in terms of wafer bonding and III-V growth process, we also modeled InGaAs cell on an InP/Si/Ag substrate which could easily be fabricated by depositing Ag after solar cell growth. Complex refractive index data for Ag is used to define the optical layer. Calculated light I-V curves indicated further increase in Jsc (16.99 mA/cm 2 ) and solar cell efficiency (5.0%) for InP/Si/Ag substrates (Fig. 4a) . Bringing together the dielectric and metal reflector layers in a single design with a virtual InP/SiO2/Si/Ag substrate provided the highest efficiency with 5.07%. Figure 4b plots We also modeled InGaAs solar cells with the presence of dielectric and metal reflectors, on a InP/SiO2/Si/Ag substrate. Table 2 provides the short circuit currents and efficiencies of solar cells with metal and dielectric-metal back mirrors. The efficiency of InGaAs solar cell is increased from 5.00% to 5.07% with the additional oxide layer to InP/Si/Ag substrate.
InGaAsP THIN-FILM SOLAR CELLS
The current record efficiency was achieved using an InGaP/InGaAs/InGaAs triple-junction solar cell via metamorphic growth [2] . Efficiencies of III-V multijunction thin film solar cells could be increased by utilizing four or more junctions and thus splitting the solar spectrum between absorbing layers with different bandgap energies. For this purpose, materials with band gap energies around 1 eV are required to efficiently split the solar spectrum. InGaAsP is a promising quartenary III-V semiconductor material that can be grown lattice matched to InP. Ge bottom cell of InGaP/GaAs/Ge three-junction solar cells could be replaced with a tandem InGaAsP/InGaAs cell to increase the photovoltaic efficiency [8, 9] . We modeled an InGaAsP topcell for such a two junction tandem cell. Modeled device is schematically drawn in Fig. 5a , where InGaAsP is utilized as the emitter and the base with the bandgap energy of 1.03 eV. Thicknesses of the emitter and the base layers are 200 nm and 2 µm. Electrical losses due to the tunnel junction are not taken into account, and we treated 3 µm thick InGaAs as an optical layer to simulate the reflection due to InGaAs layer.
We illuminated solar cell with AM1.5G with full spectrum to calculate the external quantum efficiency of InGaAsP topcell which is plotted in Fig. 5b with blue line. The band offset at 1200 nm corresponds to the band edge of InGaAsP. We also calculated the EQE of InGaAs bottom cell. In this case, we utilized 2. 
CONCLUSIONS
We presented the results of our modeling efforts for a single junction InGaAs solar cell including I-V curves, spectral responses and absorbances for different substrates with dielectric and/or metallic layers used as back reflectors. Reflection through thin optical layers increase the amount of light absorbed within the active region of solar cell which in turn increase the short circuit current and solar cell efficiency. Detailed analyses for optimized dielectric and/or metallic layers with different types and varying thickness were provided. InGaAsP/InGaAs tandem solar cells are modeled and the short circuit current of the current limiting InGaAs subcell was increased by dielectric back side mirrors. Utilization of dielectric and metal mirrors could enable even higher efficiencies in multi-junction III-V compound semiconductor solar cells.
